Abstract To obtain information on the occurrence and location of molecular events as well as to track target-specific probes such as antibodies or peptides, drugs or even cells noninvasively over time, optical imaging (OI) technologies are increasingly applied. Although OI strongly contributes to the advances made in preclinical research, it is so far, with the exception of optical coherence tomography (OCT), only very sparingly applied in clinical settings. Nevertheless, as OI technologies evolve and improve continuously and represent relatively inexpensive and harmful methods, their implementation as clinical tools for the assessment of children disease is increasing. This review focuses on the current preclinical and clinical applications as well as on the future potential of OI in the clinical routine. Herein, we summarize the development of different fluorescence and bioluminescence imaging techniques for microscopic and macroscopic visualization of microstructures and biological processes. In addition, we discuss advantages and limitations of optical probes with distinct mechanisms of target-detection as well as of different bioluminescent reporter systems. Particular attention has been given to the use of near-infrared (NIR) fluorescent probes enabling observation of molecular events in deeper tissue.
Introduction
In recent years, various in vivo imaging technologies have been increasingly used to monitor biological processes and to understand the complexity of diseases. Many of them progressively find application in clinical procedures allowing earlier and more precise diagnosis. Nevertheless, none of them provides comprehensive information since each imaging technique relies on different mechanisms for signal generation and thus has limitations e.g., with respect to spatial resolution, penetration depth, quantitative information and detection sensitivity, but also to safety hazards and costs. Therefore, each technique possesses a unique combination of advantages and disadvantages that affects its selection for use in a particular study. Imaging techniques such as ultrasound (US), computed tomography (CT), and magnetic resonance imaging (MRI) are used to visualize morphological properties of tissue, whereas techniques such as positron emission tomography (PET), singlephoton emission computed tomography (SPECT) and optical imaging (OI) with fluorescence or bioluminescence as sources of contrast allow information to be obtained on the location of molecular events or to follow-up distribution of applied probes in living organisms [1] . To take advantage of the strengths of different imaging devices, multimodalimaging strategies demonstrate attractive tools for preclinical and human applications. In this review, key characteristics and technical progress of OI as well as the current use and potential impact of OI methods in preclinical research and in clinical management of children are discussed.
Fluorescence imaging
Fluorescence imaging is based on the detection of photons, emitted by a substance that has absorbed light or other electromagnetic radiation of a different wavelength. Fluorescence occurs when an orbital electron of a molecule, atom or nanostructure relaxes to its ground state by emitting a photon of light after being excited to a higher quantum state. Usually, emitted light has a longer wavelength, and therefore a lower energy, than the absorbed radiation.
The majority of OI systems are based on planar measurements of fluorescence typically overlaid with photographic images of the surface of the scanned object. Those devices usually consist of an excitation source such as a multispectral light source or a laser of appropriate filters and a camera. As the excitation source and the detector can be placed either on the same side or on opposite sides of the scanned object, planar imaging can be performed in an epi-illumination modus, known as fluorescence reflectance imaging (FRI), in which the returning fluorescence response is measured and, less expanded, transillumination imaging in which the light shining through the object is collected [2] . Although not as widely used, transillumination attains important benefits over epifluorescence imaging such as improved depth sensitivity and contrast, as it carries information from the entire volume of the sample in comparison to reflectance measurements that are surface-weighted [3] .
An innovation in fluorescence imaging was the implementation of time-domain imaging that allows calculation of fluorescence lifetime, a parameter that characterizes a fluorescent probe by describing the average amount of time a fluorophore spends in its excited state before returning to the ground state. In this technique a pulsed laser diode is used as an excitation source. The first photon response is measured time-resolved with a photomultiplier tube after each single excitation pulse and used to calculate the fluorescence lifetime. As lifetime is a specific characteristic of particular fluorescent probes, the determination of lifetime values permits the identification of specific, probe-derived signals and their separation from unspecific background fluorescence (Fig. 1) or the discrimination of various fluorophores with distinct fluorescence decay rates [4, 5] .
In vivo fluorescence intensity measurements strongly depend not only on the probe's spectroscopic properties and/or its concentration within the tissue but also on parameters, such as depth of the fluorescence source within the tissue or on the density and homogeneity of the tissue itself. Therefore, traditional planar imaging of the fluorescence response projected on the surface of living objects can offer only semi-quantitative data. In contrast, recent developments in tomographic fluorescence imaging including fluorescence-mediated tomography (FMT), optical projection tomography (OPT) and diffuse optical tomography (DOT) provide 3-D information about the fluorescence distribution, based on accurate theoretical models of photon propagation including absorption and scattering of both excitation and emission light in tissues. The resulting tomographic fluorescence maps reconstructed after mathematical processing allow relatively accurate and true quantification of the data independent of the depth of the fluorescence source and have been successfully applied in preclinical models e.g., to monitor cancerous tissue [6, 7] , to calculate vascular volume fractions [8] and to visualize and quantify pulmonary inflammation in vivo [9] . Although novel approaches for improved quality of 3-D fluorescence imaging, such as DOT-guided FMT [10] are continuously evolving, the impact of heterogeneity of living objects and tissue optical properties on the mathematical models of image reconstruction still requires further modification.
In order to image down to subcellular resolution, different microscopic techniques have adapted to in vivo fluorescence Fig. 1 Fluorescence lifetime imaging in vivo. a NIRF raw scan data of a living mouse with a pancreatic tumour obtained 24 h after application of an anti-matriptase antibody shows signals with a probespecific lifetime of 1.7 ns detectable over the tumour area (L1), as well as nonspecific signals (3.5 ns) over the stomach area (L2). b A representative photon time-of-flight histogram; each line corresponds to a single point on the raw scan. c Lifetime map displays the distribution of the different fluorescence species. d After gating the lifetime to 1.5-2.0 ns only specific, probe-derived fluorescence over the tumour is detectable imaging enclosing two-and multiphoton microscopy or confocal microscopy. In addition, optoacoustic (photoacoustic) techniques evolved for the microscopic imaging of intact tissue. In comparison to whole-body imaging systems, microscopic devices operate with small fields of view and therefore allow imaging only in selected parts of tissues. Furthermore, because of the very limited penetration depth, the microscopic imaging of deeper tissues requires invasive procedures, e.g., the use of implantable windows, endoscopes or miniaturized fibre-based catheters. Such micro(endo)scopic techniques allow functional information on dynamic processes within tissues and organ systems to be obtained that are maintained in their natural state and provide "optical biopsies" of living tissues by avoiding the risks, costs and time delay involved in tissue resection.
Confocal (intravital) microscopy is relatively inexpensive and user-friendly. This method relies on a laser source that focuses on a single spot in the sample and the light emitted from this focal point is imaged through a pinhole onto a detector. Here, phototoxicity can be a limiting factor especially during long scanning times. As the optical penetration of confocal microscopy into tissues is limited to 200-500 μm, its clinical application is restricted to examinations of superficial structures such as visualization of melanocytic skin tumours [11] . Two-or multiphoton microscopy imaging is based on the simultaneous absorption of two or more photons under high light irridance. Due to its capacity for deep penetration of up to 800 μm, its efficient light detection and the potential to image tissue for hours in high spatial resolution, this technique is increasingly used as an efficient and less phototoxic imaging approach to investigate biological processes in deep and vital tissues within their intact environment [12] .
Optical coherence tomography (OCT), that uses broadband NIR light sources with considerable penetration of about 2-3 mm into tissue, is one of the most promising techniques for biomedical tissue imaging. In clinical practice OCT is applied mainly to provide information on easily accessible tissues such as skin, gastrointestinal and retinal pathology in situ and in real time. It provides optical biopsies with resolutions approaching those of excisional biopsy and histopathology based on the detection of inhomogeneities [13] . Tissue microstructure is revealed by differentiating between scattered and transmitted, or reflected photons [14] . As it enables measurement of tissue pathology with resolution of several micrometers (1-15 μm) OCT perfectly fills the gap between microscopic and whole-body imaging techniques.
Based on the measurement of optical absorption in tissues photoacoustic microscopy that detects absorbed photons ultrasonically through the photoacoustic effect is also an emerging tool for in vivo imaging [15] . This method provides multiwavelength imaging of optical absorption and permits better spatial resolution than pure optical imaging since the imaging depth is beyond~1 mm [16] .
Endogenous fluorescent labels/genetic reporters
The revolution in the development of fluorescence imaging was the identification of the first fluorescent protein, green fluorescent protein (GFP) from jellyfish, purified and characterized in the early 1970s [17] . However, it took almost 20 years until the whole GFP was cloned and sequenced [18] . Today fluorescent proteins exist in many colours that span the visible spectrum from deep blue to deep red. The utility of these genetically encoded probes for in vivo fluorescence labelling has been demonstrated in a variety of different cellular systems and transgenic organisms. For example, interactions between host and tumour environment have been studied in GFPexpressing transgenic mice transplanted with red fluorescent protein (RFP)-expressing cancer cells. This approach allowed the distinction between cancer and host cells including host blood vessels, lymphocytes, tumourassociated fibroblasts, macrophages, etc. and was shown to be a powerful tool to study the efficacy of drugs on each type of cell [19] .
When selecting among the many colour variants available for in vivo imaging, it is important to consider fluorescent proteins that are very bright, most photostable and those requiring minimal exposure to excitation to maintain cell viability [20] [21] [22] . Fluorophores absorbing and emitting in the NIR wavelength region between 650 nm and 900 nm are particularly valuable for in vivo imaging, since this light spectrum not only benefits from less autofluorescence but is also only poorly absorbed by haemoglobin, water and lipids, allowing up to 2-cm tissue penetration [23] . Accordingly, endogenous gene reporters for wholebody near-infrared fluorescence (NIRF) imaging in preclinical studies have been expressed in mammalian cells such as infrared-fluorescent proteins (IFPs), engineered from a bacterial phytochrome [24] or the bright far-red fluorescent protein Katushka and mKate, the monomeric form of Kathushka [25] . Nevertheless, the clinical use of endogenous fluorescent labels has its limitations due to the need for cell-engineering and to the lack of any information on its long-term side effects.
Exogenous fluorescent probes
The majority of the in vivo NIRF imaging studies involve application of fluorescent probes that usually target specific markers or molecular events in model organisms. Prereq-uisites here are efficient fluorescent labels, which define the detection limit and dynamic range of the method. Such fluorophores should have NIR absorption-and emissionmaxima, a high molar absorption coefficient at the excitation wavelength, high fluorescence quantum yield and sufficient thermal and photochemical stability [21, 22] . Moreover, suitable fluorescent dyes have to be soluble and stable in buffers and body fluids and the resulting probe should reveal maximal targeting efficiency by reduced nonspecific binding and low toxicity [22] . The ability to employ simultaneously different fluorescent probes in combination with multiple imaging channels and thereby facilitating the visualization of more than one target and various biological processes in one animal is one functional benefit of fluorescence over the majority of other in vivo imaging modalities [26] .
There are relatively few classes of NIRF dyes available for in vivo imaging including organic dyes such as phthalocyanines, cyanine dyes and squaraine dyes. Most of the currently used NIR fluorochromes are cyanine dyes containing two heterocyclic rings linked by a polymethine bridge e.g., Cy-, DY-, IR-dyes, or AlexaFluor-dyes, cypate and indocyanine green (ICG) [27] . Despite ongoing efforts in the design of novel fluorescent probes up to now only one fluorescent dye, ICG, has been approved by the Food and Drug Administration-USA (FDA) for use in patients e.g., for the intraoperative assessment of reconstructed vessels in living-donor liver transplantations [28] or in ophthalmic angiography [29] .
Although organic fluorophores represent the major group of the fluorescent probes for in vivo application, they usually suffer from low fluorescence quantum yields and limited sensitivity and photostability as well as from agglomeration and susceptibility to environmental changes in blood or tissues. Moreover, many of them possess a certain level of toxicity that hampers their in vivo application. One of the solutions is enclosure of fluorescent dyes in nanomaterials, such as polymeric nanoparticles (NPs), which can be fabricated from a multitude of materials in a variety of compositions and doped with different fluorophores. This has the advantage of protecting the potentially toxic fluorophores from the environment and offers improved fluorophore stability due to reduced interactions with the environment, e.g., solvent molecules, chemically reactive species or quenching agents [30] . The main advantage of using NPs is their large surface areas allowing easy modification with a wide range of imaging moieties including several surface modifications for multimodal detection and/or drug delivery [31] , but also surface attachment of target-specific bioligands or polymeric compounds such as polyethylene glycol (PEG). In particular, PEGylation is of particular interest as it strongly influences the pharmacokinetics of NPs by reducing clearance by the reticuloendothelial system and increasing plasma half-lives of the NPs but also their stability and water solubility while reducing their immunogenicity [32, 33] .
Nevertheless, many presently available NP-formulations comprise potentially toxic elements. In spite of growing efforts to reduce side effects, such as using biodegradable coatings, the biodistribution, behaviour and risks of using NPs in living organism still have to be studied [34] .
Luminescent semiconducting nanocrystals, quantum dots (QDs), which can readily be conjugated to targeting molecules (e.g., antibodies), are also increasingly used as fluorescent labels for in vivo imaging. Unlike organic dyes, QDs can be excited over a broad wavelength and their optical properties are controlled by the constituent material, particle size and dispersity, shape and surface chemistry. The use of QDs for in vivo imaging is also hampered by the contradictory reports on their toxicity [22] .
Three major classes of fluorescent reporters can be distinguished, based on their mechanisms of targetdetection: (1) nontargeted contrast agents that nonspecifically accumulate in certain tissues, (2) target-specific fluorescent labels that are directed against molecular and/ or disease-specific markers and (3) responsive/activatable "smart" probes for the detection of molecular events such as enzymatic activity or pH sensing.
Nontargeted fluorescent probes
Nontargeted (passive) contrast agents deliver fluorescent probes to a certain tissue without specifically binding to cellular targets. There are two major targets for passive imaging: blood vessels and tumour tissue. Accumulation of non-targeted probes at the tumour sites is achieved by pathologically enhanced endocytic activity, hyperpermeable and leaky vasculature and lack, or abnormal lymphatic drainage, attributes, which can be summarized as the enhanced permeability and retention (EPR) effect. As the abolished integrity of the endothelial barrier in the vasculature is an integral part of different diseases, nontargeted contrast agents have been used to visualize cancer but also other pathological sites such as inflammation, rheumatoid arthritis or infarction. Since a sufficient blood circulation time is essential for the successful delivery of probes, the longevity of contrast agents in the blood stream is necessary to permit accumulation within the targeted tissue.
Several nonspecific contrast agents are commercially available, such as ICG systematically used for ophthalmic angiography in clinical settings [35, 36] and to imagine blood flow using video angiography during cerebral surgery in clinical trials [37] . An NIRF blood-pool contrast agent AngioSense, consisting of PEGylated graft copolymers and indocyanine-type fluorophore, can be used for monitoring of blood vessels (Fig. 2) and phenomena such as blood leakage in tumours, as well as for visualization of oedema and inflammation [8] . Also fluorophore-doped NPs, such as viral NPs [38] , liposomes [39] and QDs [40] have been used as tools for passive vascular imaging in preclinical settings. Here, size, composition and surface hydrophilicity of NPs, can influence their blood circulation time.
Targeting probes
The majority of imaging probes consist of fluorophores or fluorescent nanomaterials attached to ligands, e.g., antibodies, antibody fragments or peptides targeting a tissue-or disease-specific molecule/-s. In recent years reams of monoclonal antibodies conjugated to fluorescent labels have been used for in vivo imaging. One example is trastuzumab (Herceptin), a well-characterized and clinically applied humanized anti-HER2/neu monoclonal antibody, fused to Cy5 (Fig. 3) [41] Cy5.5 [42] or ICG [43] for detection of HER2/neu-overexpressing tumours in mice. Our own work demonstrated the use of different Cy5.5 labelled monoclonal antibodies in orthotopic mouse tumour models, for example, to assess the expression of the tumour-associated protease, matriptase in pancreatic tumours [4] (Fig. 1) or to preclinically evaluate antibodies [44, 45] for their use in anti-tumour therapies.
Emerging progression in recombinant DNA technologies raced the optimization of the traditional monoclonal antibodies used for imaging and treatment by new structural designs including production of chimeric and humanized antibodies or recombinant antibody fragments [46] . However, several aspects have to be considered when applying antibodies, antibody fragments or peptides for in vivo imaging. First of all, the biodistribution and pharmacokinetics of ligands is strongly influenced by their size. Comparably large whole antibodies are slowly cleared from the blood circulation and only slowly penetrate into tissues, which can result in a high background and poor tissue-tobackground contrast [47] . Molecules smaller than antibodies such as antibody fragments or peptides, can be advantageous for in vivo targeting because of their rapid blood clearance resulting in better signal-to-background ratios. If clearance is too fast, however, small ligands will not have sufficient time to penetrate target tissues before they are removed from the blood pool. In addition, in contrast to whole monoclonal antibodies, which usually arise from mice, engineered antibody fragments are expected to be only minimally immunogenic in human applications. Also, the affinity of a particular ligand for its antigen can influence its diffusion into the target tissue. High affinity increases the amount of ligand in the targeted tissue only up to a certain threshold, above which tumour penetration is reduced or even inhibited [48] . This occurs due to the (too) strong interaction and usually irreversible association of the ligand with its antigen molecules present in close proximity to the blood vessels, thereby avoiding further diffusion of the ligand into the tissue. This so-called binding site barrier effect was postulated by Weinstein in early 1990s and is especially true for large and poorly vascularized tumours [48, 49] . Furthermore, other factors such as systemic clearance of probes, density of cells in the desired tissue, or high interstitial pressure e.g., within tumours have to be considered when using antibodies, antibody fragments or peptides for tissue-targeting [50] . Intermediate-size molecules with reduced blood circulation times, however long enough to allow tissue-specific accumulation seem to be the optimal probes. For example, anti-HER2/neu affibody molecules (small high affinity proteins of few kDa) labelled with AlexaFluor dyes allowed visualizing HER2-expressing tumours without interfering with the therapeutic efficacy of Herceptin [51] . Further, NIRF-labelled ligands such as vascular endothelial growth factor (VEGF) [52] or folic acid, an agonist binding to the folate receptor [53] , have been used to monitor tumour angiogenesis and arthritis in vivo, respectively. A peptide-dye conjugate consisting of cyclic arginine-glycine-aspartic acid pentapeptide attached to Cy5.5 (RGD-Cy5.5) was applied to determine integrin expression in vivo with high specificity and long-lasting tumour accumulation [54] . Furthermore, fluorophore-labelled toxins, such as Cy5.5-labelled chlorotoxin, a small peptide from the venom of the deathstalker scorpion Leiurus quinquestriatus, have been applied as optical probes for NIRF imaging. Cy5.5-labeled chlorotoxin enabled delineation of malignant glioma, medulloblastoma, prostate cancer, intestinal cancer and sarcoma from adjacent non-neoplastic tissue in mouse models and to detect metastatic cancer foci as small as a few hundred cells in lymph channels [55] .
Activatable probes
A group of "smart" activatable or responsive probes evolved to detect and quantify target-specific enzymes, molecular processes as well as changes in oxygen or pH levels in living organisms over time. Such probes usually display "switch-on" or increase in the fluorescence emission or shifts in the absorption and/or emission spectra upon specific processes, such as cleavage of the probe or changes in the probe-environment.
Protease-sensing
First concepts of protease-sensing probes, polymer-based optically quenched activatable probes for tumour imaging were introduced by Weissleder's group [56] . They consist of fluorochromes quenched by their high density, grafted to an enzymatically cleavable polymer backbone that functions in vivo as a long-circulating delivery carrier. NIRF signals are generated as a result of lysosomal cysteine/serine protease activity in cells after probe internalization [56] . Sequentially, activatable probes specific for certain proteases such as cathepsin-D [57] and -K [58] , caspase 1 [59] , matrix metalloproteinases (MMPs) [60] or urokinase-type plasminogen activator (uPA) [61] , have been developed. They are all based on protease-specific peptide substrates introduced between the polymer backbone and quenched fluorophore molecules. Further constructs are caspase-sensing NIRF NPs for apoptosis imaging. They consist of a cleavage peptide (DEVD) and Cy5.5 both attached to a deoxycholic acid (DOCA) polymer backbone that is cleaved by caspase-3 and -7 [62] .
PEG or other polymers usually conjugated to activatable probes efficiently increase the probe stability and blood circulation time, although with some disadvantages. The large molecular size of the polymer substrates (>100,000 molecular weight) may reduce permeation into cells and many PEG molecules might interfere with the interaction between the peptide substrate and the target enzyme [63, 64] .
A nonpolymeric small peptide selfquenched probe was applied for the assessment of activity of matriptase, a serine protease expressed on the surface of tumour cells (Fig. 4) . Due to the small molecular weight of the probe consisting of two DY-681 molecules attached to a short peptide containing a matriptase cleavage site, no measurable accumulation of the substrate in tumour tissue was achieved. Therefore, the activity of matriptase and its inhibition was assessed by determination of fluorescence intensity of the cleaved substrate accumulating in the bladder (Fig. 4) [4] . Dye molecules can also be attached to metal NPs such as gold (AuNPs) in order to produce protease activatable probes such as a MMP-cleavable AuNPs probe for tumour imaging. Due to electronic interactions between the chromophore and AuNPs, this binding results in very strong quenching of the fluorescence [63] .
Quenched probes for signal amplification Another group of "smart" probes utilizes the dye quenchingdequenching principle for signal amplification. Similar to protease-sensors, these probes contain also a high density of dye molecules that are attached to a ligand; here the dequenching occurs after cell internalization of the liganddye complex. One example is a nonpolymeric agent consisting of two independent domains, an integrin recognizing RGD motif as cell targeting domain and the imaging domain composed of a Cy5 dye, a cleavable bond and a quencher. Probe activation only occurs after RGD-integrin mediated probe internalization followed by intracellular release of the fluorophore into the lysosome [63] . A similar approach was described by Ogawa et al. [43, 65] , who characterized a selfquenching probe consisting of a high number of fluorophore molecules attached to a single antibody molecule, Herceptin, that are dequenched after HER2/neu receptor mediated internalization. This kind of smart probe may have great potential for improving image contrast.
ß-galactosidase sensing
Bacterial ß-d-galactosidase (ß-gal) is the most widely used reporter gene for enzyme immunoassays in molecular biology. A variety of chromogenic and low-emitting fluorogenic substrates have been described, but first the development of NIRF probes, such as DDAOG or Gal-2SBPO (Fig. 5) , facilitated ß-gal activity measurements in vivo. DDAOG is a Fig. 4 Measurement of matriptase activity using a nonpolymeric activatable probe. Fluorescence intensity was measured over the bladder area of a mouse (a) bearing an orthotopic pancreatic tumour and of a tumour-free control (b) approximately 60 min after intravenous injection of a selfquenched matriptase-activatable probe. Enzymatic activity of matriptase in tumour-bearing mice was assessed by increase in the fluorescence intensity in comparison to the control The illustration (b) is used with permission of ChemBioChem and was taken and adapted from Scheme 1 from reference [69] ß-d-galactopyranoside conjugate of the DDAO (9H-(1,3 dichloro-9,9-dimethylacridin-2-one-7-yl)); the cleavage product shows a far red shifted absorption and emission spectrum, enabling its specific detection in a background of the intact probe. Although DDAOG has been successfully applied for imaging of ß-gal-expressing tumours and monitoring transgenic expression of the LacZ gene in mice, as the narrow emission spectrum of DDAO seriously overlaps with the absorption spectrum, this probe still needs improvements for efficient in vivo application [66] [67] [68] . Gal-2SBPO, a ß-dgalactopyranoside conjugate of 2SBPO (9-di-3-sulfonylpropylaminobenzo[a]scphenoxazonium perchloride) is a dual fluorogenic and chromogenic substrate for ß-gal [69] . Enzymatic cleavage of the probe triggers a series of spontaneous reactions that result in release of optically active 2SBPO. Since the substrate emits in the far-red wavelength region, it shows promise as a reporter molecule for in vivo imaging of ß-gal activity.
pH sensing
Changes in pH are hallmarks of numerous diseases such as inflammation or cancer. For example, acidosis of the tumour microenvironment that is induced by upregulated glycolysis under hypoxic conditions is pervasive in almost all solid tumours [70] . Based on these conditions, interest for the use of pH-activatable probes in vivo arose. Currently, there are only a few NIR-emitting pH-sensitive probes available; most of the pH probes contain fluorophores that absorb and emit in the visible region. The NIR pH sensors can be divided into two groups. The first group is represented by selfquenching fluorescent pH probes in which the sensors are designed similarly to protease-sensitive selfquenchers, but contain an acid-sensitive instead of a protease-sensitive linker [71] . The second group comprises mainly cyanineor norcyanine-based dyes, with a protonatable amine group within the chromophore, such as square-650-pH [72] , or ICG-and cypate-based sensors, H-ICG and H-cypate [73] . Whereas pH sensing on tumour cells in vitro is wellestablished [74] , measuring pH changes in vivo still remains a challenge. Here, the advantage of the activation of pHsensitive dyes in the acidic environment is mainly used to increase the signal to background contrast either after accumulation of the probe e.g. in the tumour tissue or after receptor-mediated internalization of the dye-ligand complexes into acidic endosomal/lysosomal compartments of the target cell. In this way, by applying pH-activatable BODIPY-based conjugates Urano et al. [75] were able to reach 22-fold higher tumour-to-background ratios than using an always-on fluorescent probe. However, as the BODIPY dyes absorb in the range around 490 nm, the limited tissue penetration restricted generation of in vivo data and allowed only ex vivo measurements. Recently an in vivo enhancement of tumour contrast was achieved by application of a novel pH-activatable NIRF nanoprobe InNP1 [76] . Nevertheless, there is still demand for the development of sensitive pH indicators for measuring pH changes or to further improve tumour contrast in vivo.
Bioluminescence imaging
BLI enables a relatively robust, simple, inexpensive and extremely sensitive detection of essential biological processes in vivo in a variety of disease models. In contrast to fluorescence imaging this method is based on the detection of light produced and emitted by a living organism and it does not necessitate any external light source for excitation. However, BLI requires genetic labelling of cells with light producing enzymes (the luciferases) and as mammalian cells do not produce the luciferase-substrate responsible for the light emission, the substrate must be delivered systematically.
The most commonly used bioluminescent reporter for small animal imaging is luciferase from the firefly (Photinus pyralis). In an oxygen-, magnesium-, and ATP-dependent process the firefly luciferase oxidates its substrate, luciferin, whereby light is produced with a broad emission spectrum and peak intensity at~560 nm [77] . Click beetle (Pyrophorus plagiophthalamus) luciferase catalyzes green to orange (546-593 nm) bioluminescence after oxidating luciferin [78] . Renilla (sea pansy) and Gaussia (marine copepod) luciferases react with the substrate coelenterazine to produce blue light (~480 nm) in an ATP-independent process [79, 80] . Moreover, lux operons from bacteria, e.g., Photorhabdus luminescence, emit blue light that has widely been used for BLI of bacterial infections [81] . The lux operon encodes all proteins required for bioluminescence: luciferase, its substrate and substrate-regenerating enzymes, enabling continuous light production by the system without need for exogenous substrate. Nevertheless, this autonomous light-generating system has not been successfully transferred to mammalian cells. Firefly luciferase is the preferred enzyme for BLI in vivo, since it produces more light than click beetle luciferase, has longer emission wavelength than Renilla and Gaussia luciferases and luciferin show lower background signals but a better biodistribution than coelenterazine. However, the availability of multiple luciferases is advantageous as it allows different biological processes to be monitored in parallel in vivo, using appropriate filter combinations and substrates [82] .
Due to the abandonment of external illumination sources, BLI provides very high detection sensitivity and low background signals, especially when compared to fluorescence imaging where the external illumination of tissue causes endogenous particles of the animal to emit light. Already as few as~500 cells can be reliably detected in vivo at specific anatomical sites [83] . In vivo biodistribution and pharmacology of luciferase substrates are critical parameters in regard to detection sensitivity and reproducible quantification of BLI. Bioluminescent signals vary with time after injection of the substrate, e.g., luciferin distributes throughout an animal rapidly after injection and light produced by firefly luciferase peaks~10-12 min after injection of luciferin and slowly decreases afterwards. To achieve comparable results, the time between injection of substrate and start of measurement as well as the dose of administered substrate should be standardized for each study [82] .
Further parameters that affect the sensitivity of BLI are the wavelength of the emitted light, the expression level of enzymes in the target cell, the position of bioluminescent cells in the mouse as well as the efficiency and sensitivity of the CCD camera. A problem of planar BLI is the 10-fold loss of photon density for each centimetre of tissue depth. This creates surface-weighted images and lets the light sources closer to the surface appear brighter compared with deeper sources.
BLI can be used to study preclinically protein expression during disease progression and in response to therapy. For this purpose often transgenic animals are generated expressing luciferase either ubiquitously or under the control of a regulated promoter. As bioluminescence will occur only when the controlling promoter is active, this technique enables the monitoring of spatiotemporal changes of protein expression in vivo e.g., as applied for analysis of the heme oxygenase-1 that plays a key role in development and where disregulation is often associated with jaundice in neonates [84, 85] . Transgenic mice expressing luciferase under the control of a lobe-specific promoter were used to investigate the early onset of retinoblastoma [86] or to generate luciferase expressing haematopoietic stem cells used for the visualization of leukemogenesis after transplantation in bone-marrow-depleted mice [87] . Moreover, mice expressing luciferase fused to a region of hypoxiainducible factor (HIF) has been used for monitoring hypoxic tissues (Fig. 6a) . As hypoxia is a hallmark of many paediatric diseases, such mice can be applied in preclinical paediatric research for evaluating therapeutic agents that stabilize HIF by monitoring hypoxia [88] . A further possibility to introduce a gene encoding luciferase into a living organism is transduction with viral particles enclosing luciferase reporters that infect certain cell types to be studied. In this context a luciferase-containing avian retrovirus has been used in a transgenic mouse model expressing the corresponding retrovirus receptor to study location of haematopoietic stem cells in mice [89] . Luciferase-expressing viral vectors have further been Fig. 6 BLI in animal models. a BLI of hypoxia. Transgenic ROSA26 ODD-Luc/+ mice ubiquitously expressing a bioluminescent reporter consisting of firefly luciferase fused to a region of HIF that is sufficient for oxygen-dependent degradation were breathing 21% or 8% oxygen. An approximately 5-to 10-fold increase in light emission could be observed under hypoxic conditions. The illustration is reprinted with kind permission of PNAS, copyright (2006) National Academy of Sciences, U.S.A, from reference [88] . b Muscle stem cell engraftment monitored in vivo by BLI. Increasing numbers of luciferase-expressing myoblasts were injected into the tibialis anterior muscles of NOD/SCID recipients and imaged with BLI 2 h after injection. Here, the minimum number of cells detectable above control uninjected legs was 10,000. The bioluminescence intensity increased linearly with the number of injected cells. The illustration is reprinted with kind permission from Macmillan Publishers Ltd: [Nature], from reference [91] , copyright (2008) applied for evaluation of gene therapy for pulmonary diseases such as cystic fibrosis [90] .
Moreover, transplantation of different cell types that are modified to express luciferase is widely used to monitor different processes such as tracking of muscle stem cells during muscle repair (Fig. 6b) [91] . Transplantation of cancerous cells is also commonly used to investigate tumour development, growth and therapy in a variety of animal tumour models for common childhood cancers such as lymphoma [92] . In order to identify proteins involved in leukaemia progression, BLI was applied in combination with knock-down of protein expression by RNA interference [93] . Furthermore, a bioluminescent rodent model for studying growth and therapy of brainstem tumours (one of the most severe neoplasms for children) has recently been established [94] . Luciferase-expressing mouse models of osteosarcoma, the most common primary bone tumour in children and young adults, enabled earlier tumour detection in comparison with tumour volume measurements as well as detection of lung metastases and monitoring of response to therapy in preclinical studies [95, 96] .
As generation of bioluminescence in mammalian cells requires the introduction of a DNA-encoding luciferase into the target cell, which is a highly manipulative genetic intervention, it is from both a medical and ethical point of view very unlikely that BLI will ever be applied in humans. Nevertheless, because of its high specificity and sensitivity, BLI provides an effective and valuable preclinical tool to investigate distinct biological processes, to explore and better understand the biology of human diseases including distinct processes of newborn and childhood disease or to accelerate the development of possible therapeutic interventions.
Multimodal imaging
Since OI lacks any anatomical information, coregistration of data from OI imaging to anatomical structures visualized with imaging devices, such as CT, MRI, and US, is advantageous to provide complementary information in disease models. Combined MR and NIRF imaging include the use of probes consisting of NIR fluorophores conjugated to iron oxide nanomaterials or a combination of superparamagnetic iron oxide or gadolinium MR contrast agents with organic fluorophores or QDs [97, 98] . Data from FMT have been integrated to radionucleotide measurements obtained by PET [99] . Coregistration of NIRF signals and CT datasets has been reported based on the position of fiducial markers detectable by both imaging devices and software for fusion of 2-D data from FRI with 3-D data obtained from high-resolution flat-panel volume CT (fpVCT) (Fig. 7 ) [44] . Similar approaches have been reported for the fusion of FMT data with CT used to localize high protease activity to the vasculature in an atherosclerosis mouse model [100] and with MRI to characterize processes of pulmonary inflammation [101] . Furthermore, an approach has been developed to integrate photoacoustic microscopy and spectral-domain OCT by simultaneous volumetric microscopic imaging of both optical absorption and scattering contrasts in biological tissues [102] . All methods allow successful coregistering of functional information within the framework of anatomical structures. Although these approaches are mainly applied preclinically, as multimodal imaging integrates the strengths of different modalities to provide comprehensive information or to assess biological processes in their anatomical context it has also a great potential to be a valuable tool in diagnosis and treatment of paediatric disease.
Clinical applications of OI
OI techniques represent easy, inexpensive and harmless tools to study, diagnose or monitor disease development and progression. Whereas the role of BLI is restricted to preclinical examination in animal models, the routine use of fluorescence-based technologies in the clinic is expanding. So far, mainly microscopic and micro(endo)scopic techniques are used for diagnostic purposes and during surgical procedures.
Confocal endomicroscopes have already been applied in patients, for example to elucidate malignant lesions or inflammatory processes of the human skin, cervix and oral cavity, or to endomicroscopically explore the gastric and colonic mucosae, biliary tract and the proximal and distal respiratory system [103] . High-resolution imaging by multiphon tomography is performed in humans for a variety of skin diseases [104] .
Due to the significant improvement in OCT imaging performance in recent years e.g., the development of ultrabroad-bandwidth and tunable light sources, handheld systems as well as the enhancement of image contrast and noninvasive depth-resolved functional imaging, OCT has been found more and more its way into clinical application in paediatric patients [105] . For example, in paediatric ophthalmology, OCT has already been used to image the retina in order to diagnose infants with genetic disorders, e.g., congenital X-linked retinoschisis [106, 107] and autosomal-recessive neurocutaneous Sjögren-Larsson syndrome, by studying morphological changes in the macula of children with a crystalline macular dystrophy [108] . In neurofibromatosis-2, neurologically asymptomatic children with a severe phenotype can also be early diagnosed by detection of epiretinal membranes using OCT [109] . OCT may also contribute to monitoring juvenile glaucoma progression [110] . The development of easy-tohandle hand-held devices, such as a spectral domain OCT, provides a further possibility to assess pathological changes of the infant eye [111] . In dermatology, OCT combined with multiphoton microscopy enables beside the generation of wide-field images of skin lesions with depth information up to 2 mm, the generation of high-resolution stacks of horizontal multiphoton images of the region of interest. This allows not only early detection of skin cancer, but also investigation of inflammatory and autoimmune diseases as well as detection of vascular lesions and deformation in children [104] . Furthermore, OCT has been shown to be a helpful diagnostic tool in children with mild or marked villous atrophy for diagnosing coeliac disease during upper gastrointestinal endoscopy, avoiding biopsies [112, 113] .
Another interesting technique, NIR spectroscopy (NIRS) that measures the wavelength and intensity of the absorption of NIR light by intact tissue, is increasingly used as a noninvasive, inexpensive and portable method to measure blood flow or tissue oxygenation and thereby to study, for example, functional brain activity in infants. Since haemoglobin, myoglobin, and cytochrome c oxidase are the only biological compounds to exhibit variable absorption of NIR light in response to changes in oxygen availability, NIRS can determine changes in tissue oxygen and haemodynamics [114] . For example, frequency-domain NIRS was shown in a pilot study to be useful to identify neonates with brain injury by assessing increased cerebral blood volume and oxygen consumption [115] . Furthermore, combined with diffusion correlation spectroscopy that provides a measure of tissue perfusion based on the movement of scatter, frequency-domain NIRS has been shown to be a safe and quantitative bedside method to monitor cerebral tissue oxygenation, cerebral blood volume and cerebral blood flow index in human premature neonates in the first 6 weeks of life [116] . Since fluorescence and diffuse reflectance spectroscopy provide noninvasive methods to assess haemodynamics and metabolism of the brain they can be used for delineation of the true resection margin of an epileptic cortical lesion in epilepsy surgery [117] .
In several disciplines of surgical oncology, intraoperative OI facilitates detection of residual tumour tissue at the resection edge. For example, time-domain OCT allows distinction between normal brain, diffusely invaded brain tissue and solid tumour and thereby the discrimination of the tumour-to-brain interface [118] . Intraoperative brain OI of 5-aminolevulinic acid, an optical dye that is metabolized preferentially by tumour cells, has been shown to allow precise resections of malignant gliomas [119, 120] and a benign paediatric brain tumour [121] . Also ICG fluorescence angiography offers potential for a reliable intraoperative assessment of paediatric cardiac surgery, especially when complicated blood vessel reconstructions and delicate anastomoses are needed [122] . The method appears safe in children and allows the intraoperative assessment of vessels and anastomotic patency. The results are comparable to common procedures such as echocardiograms and cardiac cineangiograms [122] .
In the future, image-guided intraoperative NIRF imaging in combination with specific molecular probes targeting biomarkers of paediatric tumours will assist the paediatric surgeon and even the pathologist during oncological surgery. Multiple targeted molecular probes have been already evaluated for their suitability to intraoperatively assess a variety of tumour entities including lymph node mapping [123] . In paediatric malignancies, the most common biomarkers in clinical use are alpha-fetoprotein in liver and yolk sac tumours, chorionic gonadotropin in germ cell tumours and catecholamines and neuron-specific enolase in neuroblastoma. Hopefully, with more studies aimed at the discovery of potential protein biomarkers for paediatric tumours, novel probes targeting tumour-associated proteins will emerge in the near future.
Conclusion
In vivo OI with fluorescence or bioluminescence as sources of contrast have become powerful tools to unravel mechanisms underlying diseases (including paediatric disorders), to diagnose and design and to evaluate the efficacy of novel therapeutic concepts. The increasing availability of improved bioluminescent reporter systems, NIRF dyes and targeted or activatable fluorescent probes, as well as the development of multifunctional probes in combination with multimodal imaging devices and mouse models of paediatric tumours or genetic disorders will have a significant impact in providing insights in molecular events of paediatric diseases. Since fluorescence-based imaging techniques have limited depth penetration and limited quantification, FRI and FMT are still mainly used experimentally, although they have growing roles in clinical translation especially in analyzing structures close to an accessible tissue surface. Most promising are endoscopic fluorescence-based technologies that are less hampered by the low penetration depth offering effective and minimallyinvasive procedures for future application in patients. The development of appropriate low-cost instrumentation and the design and clinical approval of novel targeted probes will further facilitate the translation into the clinic.
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